Organic and inorganic fouling continues to be the major limiting factor in membrane processes. It is expected that increasing the wall shear stress by application of pulsating flows will help to reduce fouling and therefore allow treatment of highly polluted water. Furthermore, this can reduce pre-treatment and the quantity of chemicals required, as well as increase the water recovery. This study theoretically and experimentally investigates pulsating flows for mitigation of colloidal fouling in osmotic membrane processes. It is the aim to quantify the potential of pulsating flows to prevent the build-up of a so-called cake layer. An analytic solution in an empty channel, 2-D CFD simulations based on a preliminary study, and experimental results provide insight into the interrelation of Womersley number, amplitude ratio and the hydrodynamic phenomena in pulsating flows. The theoretical investigations show that not only the frequency but also the amplitude ratio has a strong influence on the wall shear stress. The higher the amplitude ratio, the higher the increase in mean wall shear stress relative to the steady-state value. The CFD simulations also indicate that an increasing Womersley number increases the wall shear stress near spacer filaments, which correlates to the area where particles accumulate. The experiments were conducted with a forward osmosis test rig that included a pulsation generator and a corresponding measurement application. A siren was used to reach the high Womersley numbers at which a high increase in wall shear stress was expected. For low frequencies, a solenoid valve was applied. The amplitude ratio was measured based on the differential pressure across an orifice. Experiments showed that the fouling propensity of the process is frequency and amplitude dependent. It could be shown that pulsating flows can mitigate colloidal fouling and therefore increase the permeate flux by up to 20% compared with operation without pulsations.
Introduction
Fresh water is a rare resource on our planet. Especially in arid regions, alternative ways to produce and reclaim fresh water are important and in high demand. In the last decades, after a slow start, membrane processes have become increasingly popular. In most membrane processes, pressure is the driving force for separating a feed solution into a permeate and a brine stream. The process preferred for a specific task mainly depends on the given feed water characteristics and necessary permeate quality.
The most common process in desalination is reverse osmosis (RO). Hydraulic pressure is applied to overcome the osmotic pressure difference between a salty feed water and the pure permeate, which are separated by a dense membrane. The related forward osmosis (FO) process can be operated without significant pressure difference. Here, the driving force is an osmotic pressure gradient over the membrane. A so-called draw solution with a high osmotic pressure extracts water from a feed solution. The diluted draw solution must be regenerated to establish a desalination process. This investigation focuses on the first part of the process: the osmotic dilution. The motivation to study osmotic dilution is two-fold. FO is applied for highly contaminated feed waters [1] . It also serves as a model process for RO, but without the need for high pressures. This simplifies the experiments, especially the generation and measurement of pulsating flows.
There are several factors that affect the performance of membrane separation processes: membrane properties, feed water pH, concentration polarization (CP), scaling, and fouling. Today, fouling is the main problem affecting membrane processes and the limiting factor in many applications. It can be separated into organic, biological [2, 3] , and colloidal [4, 5] fouling as well as scaling. Particles in the size range of 1 nm -1 µm are generally referred to as colloidal particles. They move through the module, agglomerate, and stick to the spacer or the membrane surface. Colloids on the membrane surface participate in forming a cake layer. By blocking the membrane surface this leads to a decrease in the water flux, which results in a decrease in the process efficiency. Particle agglomeration that leads to a blocking of the feed channel and therefore an increase in hydraulic pressure drop over the module presents another mechanism that reduces the process efficiency.
The forces acting on colloidal particles close to the membrane are manifold (Fig. 1 ). They can be separated into electrostatic interactions (Van der Waals attraction, charge repulsion), forces caused by hydraulic conditions (inertial lift, axial drag, shear induced diffusion), and gravitational forces (sedimentation). The permeation drag is caused by the flux through the membrane. This results in a higher concentration of particles near the membrane surface than in the bulk flow, which leads to a concentration gradient [6] .
Chaumeil and Crapper [7] studied the initial deposition of colloidal particles around non-woven membrane spacers. They used the discrete element method in combination with CFD to study colloidal particles in a fluid. They observed that initial deposition patterns typically appear in regions with low wall shear stress and that particles accumulate around filament junctions.
There are several ways to mitigate or slow down the process of cake layer formation. Either the solution is pre-filtered, the feed water pH value is modified, or the hydrodynamic properties are changed, so that the shear stress at the membrane surface is higher. The wall shear stress at the membrane can be increased by increasing the velocity of the feed flow, which also increases the pressure loss over the module, by changing the spacer geometry or by using unsteady operation mechanisms. This paper focuses on the latter approach, unsteady operation mechanisms.
Several approaches for achieving unsteady operation conditions in membrane processes were discussed in literature, including back-pulsing [8] , gas sparging [9, 10] , the vibratory shear enhanced process (VSEP) [11, 12] , reverse brine flow [13, 14] , and pulsations [15, 16] .
Bertram et al. [17] studied the effect of pulsating flows on fouling of silica particles in micro-and ultrafiltration systems and demonstrated a flux enhancement of 60%. Jaffrin et al. [18] studied plasma filtration and demonstrated an enhancement of 45%. Recent research also showed that there could be a significant benefit in operating membrane processes under unsteady conditions to reduce fouling [19, 20] .
Boo et al. [15] observed a positive effect of a pulsating feed flow on fouling. Nevertheless, the flow was not characterized in respect of the amplitude and frequency of the pulsation. Jalilvand et al. [21] numerically studied the wall shear stress increase caused by pulsating flows in an empty channel and concluded that this increase will also lead to a decrease in fouling. There was neither a quantitative numerical nor experimental evaluation of the influence of wall shear stress generated by pulsating flows on fouling.
Many research papers numerically [16, [22] [23] [24] and experimentally [25] [26] [27] [28] investigated how a pulsating feed flow affects CP in membrane processes. In summary, they concluded that pulsating feed flows lead to a decrease in CP. This results in an increase in water flux through the membrane. An important factor on the overall system efficiency is the additional energy requirement of unsteady operation strategies. Zamani et al. [29] reviewed several publications about fouling mitigation strategies based on unsteady hydrodynamics. They concluded that the VSEP [11] concept has the highest potential for fouling mitigation but results in the highest specific power requirement. They also stated that not enough data could be found about the shear rates in pulsating flows. Therefore, the mitigation potential of pulsating flows was not analyzed. There is a gap in research concerning the effects of pulsating feed flows on fouling in osmotic processes, especially in spacer-filled channels.
It is the objective of this study to show that pulsating flows can be used to mitigate fouling in membrane processes. Pulsating flows affect the wall shear stress on the membrane, but direct measurement is not technically feasible. To gain information about the influence of frequency and amplitude on the shear rate, an analytic solution of the flow in an empty channel was compared with the wall shear stress calculated by CFD in a channel with eddy-promoters [16] . The fouling mitigation potential was then investigated in an experiment, which compared colloidal fouling in steady-state conditions to four cases with varying frequencies in the range of 0.52 to 11.57 Hz. The positive effect of pulsating feed flows leads to a wider operation range, increased water recovery, and therefore a decrease in brine mass flow. Fig. 1 . Forces acting on a colloidal particle near the membrane surface. Source: Reproduced from reference [6] .
Characterization of pulsating flows and their influence on wall shear stress

Parameters characterizing pulsating flows
For usual operation conditions in membrane processes, the flow can be considered as laminar in spiral wound modules [30] . The pulsating flow considered within the scope of this study has a mean Reynolds number below 200 [16] . Although the critical Reynolds number can increase or decrease depending on the transient flow velocity [31] , a pulsating flow with a mean Reynolds number below 200 can be considered as laminar. In steady-state, the critical Reynolds number is above 1,000 [32] . Therefore, the following considerations focus only on laminar flows.
The velocity u(t) of the pulsating fluid can be defined as follows:
where ū is the time-averaged velocity and u osc (t) the oscillating component [33] . The time-averaged velocity is given by:
Here, t osc is the time interval for one oscillation. The oscillating velocity u osc (t) is defined as the product of the oscillation amplitude u osc,max and a function f(ω,t), which represents the shape of the transient velocity:
f(ω,t) lies between between -1 and 1. The amplitude ratio AR relates u osc,max to ū [16] :
This leads to the following equation for the transient velocity:
The Womersley number (Wo) is an important dimensionless number in pulsating flows and is, therefore, frequently used to describe blood vessel flows. If Wo < 1, the flow tracks the oscillating pressure gradient and the velocity profile has a parabolic shape. For Wo > 1, the velocity profile is no longer parabolic and there is a phase-shift in time relative to the oscillating pressure gradient [34] . Wo is defined as the ratio between dynamic viscous and convective forces:
where L is the characteristic length of the channel, which corresponds to the height of the channel, or the diameter of the orifice. Re is the Reynolds number:
The Strouhal number Str is defined as follows:
By inserting Eqs. (3)- (5) into Eq. (1), u(t) can be expressed as follows:
Wall shear stress in empty and spacer-filled channels
The wall shear stress plays a crucial role in fouling and its mitigation [11, 35] . A study of the literature reveals that a dynamic shear stress profile can mitigate fouling and increase the performance of heat or mass transfer systems [36] .
For the interpretation of the experimental results and to understand the influence of amplitude and frequency on the wall shear stress, the underlying mechanisms of pulsating flows in spacer-filled channels must be investigated. This section gives insight into the interrelation between frequency, amplitude, and the resulting mean wall shear stress from a theoretical point of view. For this purpose, an analytical solution of the Navier-Stokes equations for transient fully developed laminar flows of incompressible Newtonian fluids in an empty channel by Haddad et al. [37] was implemented. This was compared with CFD results based on a preliminary study [16] .
Mechanisms appearing in the flow field of spacer-filled channels can be covered in the simplified 2-D geometries of a zig-zag, a cavity, and a submerged spacer. This approach, which is frequently used in literature [16] , significantly reduces computational effort in comparison with computing the complex 3-D flow field.
The analytical solution does not consider permeate flow normal to the wall. The permeate flow perpendicular to the main flow direction can be neglected to calculate the wall shear stress, because it is several magnitudes smaller than the main flow velocity. A flux of 30 L m -2 h -1 equals a permeate velocity of 8.3 · 10 -6 m s -1 . The mean cross-flow velocity chosen in the CFD calculation [16] was 0.11 m s -1 . In a short channel, where it can be assumed that the volume flow rate is not reduced significantly by the permeate flow, the permeate flow can be neglected to calculate the wall shear stress. The main difference of CFD and analytical solution is the geometry. The resulting difference will be covered in this section.
Haddad et al. [37] solved the Navier-Stokes equations for transient fully developed laminar flows of incompressible Newtonian fluids in an empty channel:
where r is the distance from the center of the channel and x is the position in the direction of the mean flow. The fluid must comply with the continuity equations:
Assuming a sinusoidal pressure gradient, the dimensionless wall shear stress can be calculated as [37] follows:
with the oscillating component τ W,osc :
Here, ṁ osc,max is defined as the amplitude of the mass flow rate. The phase shift Δθ τ can be calculated as follows:
ψ s (Wo) is defined as follows:
where J v (x) is the Bessel function for x of the order v. ψ m (Wo) can be calculated as follows:
This solution was used to calculate the transient wall shear stress τ w in an empty channel and gives qualitative information on the correlation between Wo, AR, and τ W for sinusoidal pulsations. It assumes that the shape of the pulsation velocity in the experimental test rig is similar to the sinusoidal pulsation velocity due to inertia effects. Other types of pulsation must be investigated in further studies.
The analytical solution is now compared with the CFD solution [16] of the flow in a channel with zig-zag, submerged, and cavity configuration (Fig. 2) . The wall shear stress is calculated for the lower surface in each case. . The wall shear stress for the submerged configuration is high in steady-state compared with the other geometries, because the effective cross-section area of the channel is reduced by the spacer. This results in higher velocity gradients at both walls. In the cavity configuration, the free cross-section is reduced as well and the velocity gradient at the upper wall is increased. At the lower membrane the wall shear stress is reduced in the cavity. The latter is shown in Fig. 3 . The zig-zag configuration shows regions with low wall shear stress upstream and downstream of the filaments. Nevertheless, an increase in velocity gradient and therefore wall shear stress can be observed in regions where the channel is obstructed by a filament. Therefore, the zigzag configuration was chosen for further analysis. The value of τ W,rel,mean increases with the Womersley number in both the CFD and analytical solution. It can be seen that pulsating flows have a high impact on the wall shear stress in the cavity configuration. Here, the effect of the changing recirculation zone leads to a significant increase in the velocity gradient at the lower surface [16] . Due to the complex spacer geometry, the zig-zag and submerged configurations have a higher absolute wall shear stress in steady-state than the cavity type. This could be a reason why the enhancement of the relative wall shear stress is lower at a Womersley number of 5.6 for the cavity type. The result for the analytical solution lies between zig-zag and submerged configuration. Fig. 4 compares the wall shear stress in an empty channel and in a channel filled with eddy promoters [16] for different amplitude ratios. The mean value of the wall shear stress τ W,rel,mean increases more with higher AR due to steeper velocity gradients. Other factors play a crucial role for pulsating flows in empty channels or pipes. The Richardson effect and flow reversal, which depend on frequency and amplitude ratio [37] , can intensify the mean wall shear stress. In spacer-filled channels with high amplitude ratios, the recirculation zone after the filament changes significantly during one period, whereas at low amplitude ratios only small perturbations occur [16] .
In contrast to the effect of pulsating flows in an empty channel, the wall shear stress is a local phenomenon when the channel contains eddy promoters. Fig. 5 shows the relative wall shear stress profile in a channel with zig-zag eddy-promoters for different Womersley numbers at an amplitude ratio of 1 and for different amplitude ratios at a Womersley number of 7.9. An increase in Wo not only leads to a higher value of τ W,rel,mean but also a decrease in the distance d ab . d ab is identified in the CFD results as the distance between upstream spacer filament and the point of sign change of the derivative of the wall shear stress. It can be seen in Fig. 5 that the distance d ab is a function of the Womersley number. The higher the Womersley number, the closer the attachment point of the flow to the upstream spacer filament. This leads to a frequency dependent decrease in recirculation zone downstream of the spacer filament and therefore a decrease in d ab . Chaumeil and Crapper [7] stated that areas with low wall shear stress are more likely to be affected by colloidal fouling. In the example of the zig-zag configuration that would be downstream of a spacer filament. Therefore, by decreasing the distance d ab which leads to an increase in time averaged wall shear stress τ w,rel,mean , the area where particles are likely to deposit is reduced. An increase in amplitude ratio changes the maximum value as well as the size of the time-averaged recirculation zone. The changing size of the recirculation zone is indicated by the changing position of the zero-crossing points. 
Experimental methods
Bench-scale forward osmosis fouling experiment
The experiments were conducted with the set-up shown in Fig. 6 . The cross-flow cell was custom built. The dimensions of the channels on both sides of the membrane were 11.5 cm by 10 cm by 0.86 mm. The membrane area was 115 cm 2 . A diamond-type RO 34 mil AMI feed spacer was used on the feed side and a finer, non-woven spacer on the draw side (Table A1 ).
In the feed cycle, fluid was pumped from a reservoir through the test cell. Further details on the feed solution's content are presented in Section 3.3. Within the draw cycle, the highly concentrated salt solution was pumped from a second reservoir through the test cell. The draw solution chosen was an aqueous solution of NaCl. At the beginning of the experiment, it contained 150 g kg -1 NaCl. The pressure in the middle of the test cell was held constant at 1.1 ± 0.01 bar by regulating the pump. The volume flow rate through the test cell was held at 40 ± 0.5 L h -1 (u ≈ 0.13 m s -1 ) by the motorized needle valve NV, which is a compromise between the measurement error of the orifice and fouling due to low velocities. The temperature was 23°C ± 1°C. The experiments were carried out at a pH of 6-7. The masses of the draw and feed solution were measured continuously using scales.
The pulsating flows were generated in two different ways. For slow pulsations in the range of 0.1-4 Hz a solenoid valve was used. The duty value, which defines how long the valve stays open, could be modified to regulate the amplitude. For pulsations in the range 4-20 Hz, a siren (also referred to as rotating distributor disc [38] ) was used. In this case, regulation of the pulsation amplitude was not possible. Both pulsation devices generate velocity pulsations by inducing a transient hydraulic resistance. A stainless-steel pipe connected the pulsation device with the orifice and the test cell to decrease energy losses upstream of the test rig. Pulsation dampers (D_11 and D_12) were necessary upstream of the pulsation generator and downstream of the test cell to limit pulsations outside the measurement and test section and thus avoid damage to the measurement devices or the pump. Similar to the effect of inductors on the voltage in an electrical circuit, pulsation dampers limit the pressure spikes inside a hydraulic circuit. In general, gear pumps were used to generate pulsation free flows. Pulsations produced by the pumps were fully damped by the piping to the test section. Only the pulsations generated by the pulsation devices influenced the feed flow rate.
An orifice (94D-MBL 500D, Dosch Messapparate GmbH, Berlin, Germany) was used to determine the transient mass flow rate m˙. A pressure sensor P_12 measured the differential pressure across the orifice. The pressure drop was used to calculate m˙ downstream of the pulsation generation device, based on Doblhoff-Dier et al. [39] . They related the pressure drop Δp across an orifice to m˙:
where A is an indirect function of the mean mass flow rate ṁ mean , and B is assumed as constant. Parameter A depends on fluid properties, flow resistances, as well as the geometry of the aperture and could be derived by measuring Δp at several steady-state mass flow rates ṁ mean . B was chosen in dynamic conditions so that the mean value of the mass flow rate calculated by Eq. (19) is the same as ṁ mean , which was measured by V_1. The measurement error of this method is directly related to frequency, mean mass flow rate, velocity amplitude, and the signal-to-noise ratio (SNR), especially for pulsating flows with high amplitude ratios and high-pressure wave propagation velocities. Eq. (19) represents a strong simplification, which is not able to represent the complex phenomena of pulsating flows in an orifice. The error made by this assumption cannot be given in the scope of this study. For this reason, a conservative estimation of the error of the AR calculation based on the noise of the measurement signal was derived. The highest deviation was in the range of 30%-40% (Appendix C). Table A2 contains a detailed list of the equipment that was used in the experiment.
Membrane preparation
A new brackish water RO membrane (TML, Toray membrane, INC., Poway, California, United States) was used for each fouling experiment. The sample was rinsed in deionized (DI) water for 24 h before use. Afterwards, each membrane sample was used in an FO set-up without foulants for at least 12 h to ensure that the process was stable before foulants were introduced. The pressure difference between feed and draw was 0.8 bar and the pH 6-7.
Colloidal fouling experiments
Silica particles (silica, fumed, Sigma-Aldrich, St. Louis, Missouri, United States) with a diameter of 0.2-0.3 µm were used as model foulants. Suspensions at the desired concentration were prepared by dispersing the silica powder in DI water. Prior to use, the samples were stirred for at least 30 min to ensure complete dispersion.
The feed solution, with a mass of 3,800 g, was prepared with a colloid concentration of 4 g L -1 . After the membrane preparation, the fouling experiment was conducted in batch mode. This means that the feed solution was con tinuously concentrated over the course of the fouling experiment (Fig. 9) . The experiment was stopped when the colloidal concentration reached 6.1 g L -1 . Fouling can be characterized by a normalized flux as follows:
which is the ratio of the flux during the fouling experiment j F to the flux at the start of the fouling experiment j 0 . The diffusion of water from feed to draw cycle causes a dilution of the draw solution. The driving force for diffusion therefore decreases. A baseline test (Fig. 8) was carried out to account for dilution of draw solution and salt concentration in the feed solution. This baseline experiment was conducted to generate a factor j dil,N , that could be used to account for dilution in the normalized factor j N . A linear fit over the normalized flux was then used to calculate j dil,N .
The normalized flux j N accounts for dilution and concentration of draw and feed. Therefore, a decrease in flux was caused by colloidal fouling. Fig. 7 shows the AR plotted against the Wo number and frequency at the start of the fouling experiment. The pulsating flow was generated either by a valve (0.52 and 2.65 Hz) or by the siren (6.57 and 11.57 Hz). The transient mass flow was measured according to Section 3.1. The frequency of the measured pulsation was used to calculate the Wo number in the channel of the test cell according to Eq. (6). The AR was calculated according to Eq. (4). It can be seen that the pulsation at 6.57 Hz, which was generated by the siren, has the highest amplitude ratio (AR = 1.4). At a frequency of 11.57 Hz, the AR is significantly lower (AR = 0.4). The pulsation that was generated by the valve shows an AR of 0.36 at a frequency of 0.52 Hz and AR = 0.62 at a frequency of 2.65 Hz.
Results
Pulsation parameters
Baseline experiments
According to Section 3.3, a baseline experiment was conducted to account for the dilution of the draw solution and the back-diffusion of NaCl during a fouling experiment. In the real system, the flux decrease is not a linear function of the osmotic pressure difference due to CP. However, due to the small variation in overall mass (20 L of draw solution to 21.3 L at the end of the experiment), the flux shows an almost linear behavior. Therefore, a linear fit was chosen to correct for osmotic dilution. Fig. 8 shows the measured data and the linear fit that is later used to account for osmotic dilution.
Colloidal fouling experiments
The fouling experiments were conducted in batch mode according to Section 3.3. This means the feed solution is further concentrated during the experiment. Fig. 9 shows the calculated increase in colloid concentration in the feed system plotted against the water mass that has passed through the membrane. The colloid concentration at the start was 4 g L -1 and increased up to 6.1 g L -1 . Fig. 10 shows the normalized flux, calculated according to Section 3.3, plotted against the permeated mass. The different test cases, f = 0, 0.52, 2.65, 6.57, and 11.57 Hz are compared with each other. The highest fouling rate appears for the steady-state case, whereas there is no fouling for f = 11.57 Hz. It can also be seen that a higher frequency leads to less fouling. Both observations are related to the increase in wall shear stress caused by a higher Womersley number (Fig. 5) .
A closer look at the results of Fig. 10 reveals two phenomena. First, the initial slope of the flux differs for each experiment after the injection of particles. The initial flux decline depends on the frequency and the amplitude ratio, since an increase in frequency and amplitude ratio leads to an enhancement in mixing. This enhancement in mixing may lead to a faster initial agglomeration of particles on the membrane surface due to a better distribution of particles in the module. The second phenomenon, which was sometimes observed, is jumps in the flux profile after the build-up of a cake layer. This phenomenon could be observed for the steady-state case at a permeate mass of 600 g, for f = 0.52 Hz between a permeate mass of 600 and 800 g, and for f = 6.57 Hz at a permeate mass of 400 g. This could be the point where the cake layer is partially removed, because the shear force is higher than the adhesion force. Both effects are expected to provide significant statistical scatter. Therefore, a general deduction cannot be drawn. In the case of f = 11.57 and 6.57 Hz, the normalized flow reaches a value which is higher than unity. This could be caused either by not choosing the right starting point (Section 3.3) of the flux before the fouling experiment or by the osmotic dilution correction (Section 4.2). Fig. 11 shows the pressure difference Δp over the feed channel as function of discrete values of permeated water mass. The graph displays the different frequencies 0.52, 2.56, 6.57, and 11.57 Hz. It can be seen that Δp remains almost constant for 11.57 Hz, while it changes significantly for 0.52, 2.65, and 6.57 Hz. This is caused by the change in hydraulic pressure resistance inside the test cell that accompanies fouling. The maximum and minimum values are important parameters to consider, as they give an indication of the transient velocity inside the test cell. Negative values for the minimum mean that there is a negative mean flow direction within one pulsation period. The fluctuation for f = 11.57 Hz is the lowest. Fig. 12 shows a statistical evaluation of the normalized flux for each fouling experiment. It indicates that the median of the normalized flux increases with Wo. At the highest Wo (Wo = 7.33), the scatter is very limited, whereas the flux differs significantly in the case of Wo = 1.55. The median for the highest Wo is 24% higher than the median for the steady-state case. The flux values indicated by the median were used for an exponential fit.
Discussion
Influence of Womersley number on fouling mitigation
A quantitative analysis of the Womersley number's fouling mitigation potential is difficult due to the different amplitude ratios in each conducted experiment. Nevertheless, a qualitative result can be obtained: Pulsating flows have the potential to suppress or decrease colloidal fouling, which agrees with the findings of Boo et al. [15] .
The CFD results (Section 2.2) give an insight into the changes in hydrodynamic forces that are caused by pulsating flows. They indicate that an increase in AR or Wo leads to different wall shear stress profiles, as well as an increase in mean wall shear stress at the membrane surface. It is assumed that the wall shear stress is the main variable to affect colloidal fouling that can be influenced by periodic hydrodynamic perturbations. Other forces that act on colloidal particles (Fig.  1) , which might be influenced by AR or Wo, cannot be analyzed separately.
The experimental results show a qualitative trend between Womersley number and fouling mitigation (Fig. 12) . This tendency seems to follow an exponential equation:
where k defines the effect of pulsating flows on fouling. It is expected to be dependent on several factors, including colloidal concentration, flux, and amplitude ratio. The constant b is defined by the steady-state fouling experiment. This factor depends on the same principal mechanisms that concerns fouling in membrane processes. The factor a defines the asymptote at Wo → ∞. The factor a reaches a value higher than unity, because the normalized flux of the experiment with a Womersley number of 7.33 reaches higher than 1 (Section 4.3). To our knowledge, there has not yet been a quantitative analysis of colloidal fouling mitigation by pulsating flows. Therefore, the pulsating component of the model cannot be validated by literature values. This is not the case for the steady-state experiment, which is comparable with several FO papers. One of them, Lee et al. [40] , studied the difference of RO and FO. They used 400 mg L -1 of colloidal suspension with 300 nm silica colloids and had an initial flux of 5.23 µm s -1 (18.72 L m -2 h -1 ) and ended at 3 µm s
) after 15 h. This corresponds to a decrease of 42.3%. The amount of flux decrease due to colloidal fouling is a lot higher than the amount seen in this study. That was expected, as the initial flux is a lot lower in this study 6 L m -2 h -1 , which leads to less permeation drag that affects the particles. Therefore, the cake layer is less stable in this study.
It can be seen in Fig. 10 that the cake layer is not stable. The flux increases in steady-state conditions and at frequencies 0.52 and 6.57 Hz after a certain mass has passed the membrane. During the fouling process, the cake layer grows laterally as well as in thickness until a certain point. This point is reached when the hydraulic forces are finally high enough to cancel out the permeation drag and adhesion forces, which causes the cake layer to debond. The lower flux compared with other FO studies is attributable to the RO membrane and the high internal CP. RO membranes were used because they provide higher stability and therefore decrease the vibration amplitude of the membrane surface. These vibrations distort the interpretation of the experimental results. The internal CP cannot be directly calculated from the data gained in the experiment. However, a comparison can be drawn between the osmotic pressure difference between draw and feed solution and the osmotic pressure difference seen in the resulting flux. Given the draw solution's parameters of the steady-state experiment without any colloids (u = 0.12 m s -1 , T = 23°C, w = 150 g kg
NaCl) one can calculate the osmotic pressure difference as 146.2 bar. The real osmotic pressure difference that results in a flux of 6 L m -2 h -1 is 14.7 bar. This difference of 131.5 bar is a result of the internal CP, CP by back-diffusion into the feed solution, and CP on the draw side. When colloids deposit on the membrane, the effect of cake-enhanced osmotic pressure further adds to this.
Influence of wall shear stress on fouling mitigation
The comparison of the analytic and CFD calculations has demonstrated that the wall shear stress correlates with both AR (Fig. 4) and Womersley number (Fig. 3 ). An increase in AR, as well as Wo leads to an increase in wall shear stress. The main effect of the wall shear stress is to prevent particles from accumulating on the membrane surface. Therefore, it can be expected that an increase in AR and Wo leads to a decrease in particle accumulation on the membrane surface and therefore a decrease in fouling propensity of the system.
At a Wo number of 7.9 and an AR between 0.2 and 0.5, the difference in wall shear stress between pulsating flow and steady-state case lies between 5% and 10% for the zigzag configuration (Fig. 4) . Although the CFD simulations just investigated simplified 2-D geometries, a similar trend is visible in Fig. 12 . The median flux at steady-state (j N = 0.84) was 20% lower in comparison with pulsating (j N = 1.04) conditions at a Wo number of 7.33.
The CFD calculation of the wall shear stress in combination with the assumption that the wall shear stress is solely responsible for fouling mitigation would underestimate the fouling mitigation potential of pulsating flows. This could either be explained by the various mechanisms that influence the build-up of a cake layer (Section 1), or the vibrations caused by the different pressure fluctuations of feed and draw channel. This might also have an impact on fouling mitigation and is certainly dependent on the pulsation frequency. By application of a defined pressure difference across the membrane and by using a fine spacer in the draw channel, vibrations were suppressed to a minimum.
For a complete comparison between simulations and experimental results a detailed model must be developed. Nevertheless, the simplified 2-D calculations already help to predict mechanisms involved in particle accumulation under pulsating flow conditions.
Influence of amplitude ratio on fouling mitigation
The effect of an increase in Wo number and AR is twofold, Section 2.2: It increases the mean value of the wall shear stress and decreases the distance of the maximum wall shear stress to the upstream eddy promoters. This leads to a smaller recirculation zone where particles are prone to accumulate. The effect of both parameters on fouling mitigation can be seen in Fig. 12 . The flux enhancement is comparable in the case of Wo = 7.33 (j N = 1.04) and Wo = 5.52 (j N = 1.02). While the Womersley number is lower in the second case, the amplitude ratio is higher (AR = 1.4 vs. AR = 0.4). This indicates that an increase in AR influences the wall shear stress and therefore the fouling behavior in a similar way to the Wo number.
The amplitude ratio displayed in Fig. 7 must be considered with care (Appendix C). The lower the SNR of the measured pressure signal, the higher the error. It could also be observed that it becomes more difficult to interpret the pressure signal with a higher frequency. It can be seen in Fig. 5 that a change in amplitude ratio leads to an increase in mean wall shear stress, but the localized wall shear stress near the upstream eddy promoter does not change much in comparison with its response to a change in Womersley number. Because fouling would appear in areas with low wall shear stress, the influence of the cumulative measurement error on fouling can be estimated as small.
Conclusion
The effect of pulsating flows on colloidal fouling has been evaluated. A novel test rig for pulsating feed flows in FO has been presented that incorporates amplitude measurement and two pulsation generation devices. The experiments cover a broad range of frequencies, 0.52 to 11.57 Hz, and amplitude ratios between 0.35 and 1.4.
In conclusion, pulsations mitigate or reduce fouling. The wall shear stress was identified as the most important parameter that can be influenced by pulsating flows and helps to reduce fouling. It depends on both the Womersley number and amplitude ratio. In the fouling experiment with pulsations, less flux decline caused by colloidal fouling was observed. The trends observed in the experimental results could be explained by effects identified in 2-D CFD results for Womersley numbers below 8.
Pulsations are also expected to improve other membrane processes and reduce fouling phenomena that are significantly influenced by a higher wall shear stress. To better understand the correlation between pulsating flows and fouling mitigation, which is imperative to forecast the fouling mitigation potential of any membrane process, more experiments must be conducted that investigate the effects of amplitude ratio and Womersley number separately at lab-scale. With these lab-scale measurements, the fouling mitigation potential could also be forecast for spiral wound modules, where the amplitude ratio of the pulsating flow changes over the length of the module due to damping effects. 
Symbols
AR -Amplitude ratio d -Distance, m f -Frequency, Hz j -Mass flux, L m -2 h -1 J v -Bessel
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Appendix C. Error estimation of the amplitude ratio calculation: deviation due to noisy pressure signals
In this study, the transient differential pressure over an orifice was measured to identify the transient mass flow rate based on the method of Doblhoff-Dier et al. [39] . The study of Doblhoff-Dier et al. [39] solely compared the error of the mean mass flow rate. Therefore, an approximation must be made to estimate the error of the amplitude ratio, which is an important characteristic parameter in pulsating flows. The determination of the transient mass flow rate faces two challenges: The simplification of the Navier-Stokes equations (Eq. (19) ) and the measurement error due to the noise of the signal. The error that results of the simplification cannot be given in the scope of this study, as a reference is missing. Nevertheless, an estimation should be presented and therefore the error of the noise was approximated. The highest value was taken as the mean error of the amplitude ratio to give a conservative estimation. Therefore, the amplitude ratio was calculated for several frequencies and different SNRs: 
where A signal and A noise represent the amplitude of signal and noise.
• Artificial sinusoidal pressure signals for the frequencies 0.52, 2.57, 6.57, and 11.57 Hz were calculated. Eq. (19) was then used to calculate the transient mass flow rate for all frequencies. The resulting amplitude ratio of the mass flow rate is used as a reference AR ref .
The amplitude ratio was calculated with Eq. (4).
• Noise was added to all pressure signals (Fig. A6) . The SNR was set to values which were derived from the experimental results.
• Eq. Table A3 shows the values of SNR for different frequencies which were derived from the experimentally determined differential pressure measurements over the orifice and the corresponding deviation seen in Fig. A7 . The highest deviation of 33.48% appears for the lowest SNR -12.62 dB which represents the highest amount of noise (Eq. (23)). 
